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The purpose of this paper is to investigate the effect of TiO, nanoparticles contents on
structural properties, microhardness and corrosion resistance of Zn-Co alloy coating and Zn-
Co-TiO, composite coatings is electrodeposited on steel substrate in the acid sulfate bath, The
smaller grain size of the composite coatings is observed in the presence of TiO, and it is
confirmed by the images of scanning electron microscopy (SEM) and X-ray diffraction (XRD)
techniques. The corrosion performance of coating in the 3 % NaCl as a corrosive solution is
investigated by potentiodynamic polarization and electrochemical impedance spectroscopy EIS
methods. It is found that the incorporation of nanoparticules in Zn—Co alloy coating have better
corrosion resistance and the values of R and Z,, increase, while the values of Cy decrease with
the increasing of nanoparticules.
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1. Introduction

Electroplated binary Zn-Malloys, where metals are an Fe group such as Fe, Co, Sn, Ni,
Mn and Cr [1-3], exhibit improved properties compared to pure Zn is nowadays of great
importance not only for corrosion protection of metallic substrates but also used in a variety of
industrial applications, one of the first applications such as catalysts, electrodes for batteries,
magnetic uses [4-6] and printing plates the most common examples are being Zn-Fe [7-8], Zn—
Co [9-12] and Zn-Ni [13-16], It is believed that the composition and corrosion resistance of
composite coatings are influenced by several interrelated parameters, such as chemical
composition of the electrolyte, the concentration of metal ionssolution temperature and pH,
agitation, type of applied current and current density [17].

Electrodeposited composites are obtained by adding insoluble solid particles to an
electrolytic bath [18]. These insoluble particles can be oxides such as (Al,Os, TiO,, ZrO,, SiO,,
SiC ).They are used as a second phase because theypossess good chemical stability, provide better
mechanical properties, and good wear resistance and corrosion resistance at elevated temperature
[13,18].Zn—Co composite coatings for example ZnCo-Al,0; andZnCo-SiC [19],TiOhave been
used to improve different metallic and organic coatings. TiO, with a metalliccoating, significantly
contributes to wear and corrosion resistance, better hardness [20-21].In their works, indicated (
who) that the porous nanocomposite coatings exhibit higher corrosion resistance when compared
to Zn—Co coatings and it is strongly affected by the TiO, structure and concentration, The
composite coatings has been characterized, morphological (SEM), (XRD), and electrochemical
properties of the composite coatings had been studied by potentiodynamic polarization and
electrochemical impedance spectroscopy in a solution of 3 % NacCl.
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2. Experimental details

2.1. Coating preparation

Nanocomposite coatings Zn—Co, with different concentrations of nanoparticules of TiO,,
have been prepared on mild steel substrates form plates (25mm x 5mm x 2mm) which were used
as cathode electrode, by electrodeposition technique. The zinc plates were used as anodic
electrodes. The distance between the anode and the cathode is maintained at 2 cm to ensure deposit
uniformity. Before deposition, the substrates were polished mechanically, degreased in alkaline
solution, treated in HCI (10 %) solution, cleaned in acetone and then rinsed with distilled water.
The process was carried in sulphate bath at current density of 30 mA cm > and temperature of
30°C during 30 minutes. The chemical composition of the basic electrolyte of Zn-Co alloys
deposition is given in Table 1. Electrodeposits Zn—Co is obtained by varying the concentration of
TiO, in the bath (5, 10, 20 g-17).

Table 1.Solution composition and conditions for alloy electroplating [9, 26].

Electrolyte | Concentration (g-1") Plating parameters
ZnS0,-7H,0 57.5 30°C and pH=3,5
CoS0O, 52.5 constant current densities at
H3BO, 9.3 30 mA cm > for 60s
Na,SO, 56.8
NazCeHs0; 56.8

2.2. Coating characterization

The phase structure of the coatings is determined using X-ray diffractionwith a D8
Advance-Brucker using a Cu Ka radiation (A= 1.5406A) and 206= 0.02° as a step.

Scherrer’s formula is used for the determination of the coatings crystallite sizes from the
X-ray peak broadening of the (101) diffraction peak at [9.27]:

094
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where D is the grain size, A is the X-ray wavelength, B is the corrected peak full width at half-
maximum intensity (FWHM), and 0 is Bragg angle position of the considered peak.

The deposits surface morphology was studied by scanning electron microscopy (A JEOL
model JSM6390LV).

Microhardness of coatings is was measured using a load of 100 g with a holding time of
15s by using a Vickers hardness tester, andthe average of ten hardness measurements was quoted
as the hardness value.

The corrosion behavior and the protection performance of Zn-Co alloy and Zn-Co- TiO2
composite coatings were studied by using electrochemical impedance spectroscopy (EIS) and
electrochemical Tafel extrapolation (TE) in 3,5 % wt NaCl solution. The tests were performed
using a potentiostatgalvanostat (a VVolta Lab 40 model). A coated sample was served as a working
electrode, the counter electrode was platinum with a surface of 1 cm2 and the Hg/HgO/ 1 M KOH
is used as a reference electrode. The impedance data were obtained at open-circuit potential and
the measurements were carried out over a frequency range of 100 kHz-10 MHz using the
amplitude of sinusoidal voltage (10mV). Potentiodynamic polarization with a scan rate of 50mV/s
was applied in order to study the anodic dissolution of the coatings. The corrosion current density
(Icorr) and corrosion potential (Ecorr) were determined using TE.
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3. Results and discussion

3.1. Phase structure

Fig. 1 shows XRD patterns for four Zn-Co alloy coating and Zn-Co-TiO2 composite
coatings.The metallic phases are well crystalline and can be ascribed to the Zn hexagonal structure
in Fig 1(a). Only the diffraction lines of zinc-rich (n-phase) (JCP: 4-0831 [19]) and cubic CosZny;
phase (y-phase) (JCPDS N: 22-0521). The presence of TiO2 diffraction lines in the X-ray spectra
of the deposits Fig. (1 .d) confirmed also the formation of the Zn—Co-TiO2 composite layers. The
analysis of diffractograms shows that the composition of the plating bath has a strong influence on
the crystal orientation in the deposit. Thus, the diffraction maximum (101) of Zn-Co in the
composite layers decreases, These results are in accordance with those stated in the literature, that
the particles embedded in the coatings can affect the preferred orientation of the metallic matrix as
a consequence of changes on the metal deposition mechanism [21].
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Fig. 1.XRD spectra of (a) Zn-Co alloy coatings and (b) Zn-Co-TiO, (5 g /l TiO,), (c) Zn-Co-TiO, (10
g/l TiO,), (d) Zn-Co-TiO, (20 g /I TiO,) Composite coatings.

Crystallite sizes were determined using the Scherer formula. For all coatings, the profile of
(101) peak exhibits Lorentzian line shape, like shown as it is showed in Table 2.

Table 2.Values of the crystallite size obtained from the strongest diffraction line of the metallic phases.

Electrolyte hkl 20(°) Crystal size (nm)
Zn-Co (0 g /1 TiO,) (101) 43.15 55.99
Zn-Co-TiO, (5 g/l TiO,) (101) 43.18 43.08
Zn-Co-TiO, (10 g /1 TiO,) (101) 43.28 39.05
Zn-Co-TiO, (20 g /1 TiO,) (101) 43.39 30.77

The grain sizes significantly decrease from 55.99nm to 43.08 nm with increasing TiO,
nanoparticles concentration from zero to 5g/l in the electrolyte, and slowly decreases for a
concentration more than 10 g/1,20 g/l (Table 2), indicates that the composite coatings have smaller
grain size than alloy coatings. Therefore, incorporation of TiO, nanoparticles in the coating refined
the crystals. It is worth noting that all coatings grain sizes are in the nanometer scale, confirming
the nanocrystalline structure of Zn-Co and Zn-Co-TiO,composite coatings.This finer structure may
be at the origin of the decrease in the whole peaks intensity of the coated steel substrates and may
be at the origin of the higher hardness of this deposit as mentioned previously [22,23].
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3.2. Surfacemorphology

The morphology of these coatings plated in different compositions and for two
magnifications 20 and 30um is presented in fig. 2(a-d). it is clearly shown that in general, the
surface of the Zn-Co alloy coating (fig. 2 a) is uniform, homogenous and consists of irregular
crystals particles with a clear grey color [9], the grain size of the Zn-Co-TiO, composite coating
(fig. 2 a, b, and d) sample is smaller and more uniform crystals when compared with the Zn-Co
coating. asit is seen in fig. 2 b.The incorporation of TiO, nanoparticles, with feeble amount, in the
Zn-Co coating retards the crystal growth and leads to a smaller grain size [24]. whereas for Zn-Co-
TiO,(10 g /I TiOy), the grains become greater having rocky-like shape as seen in fig. 3c (not the
same magnification 30 um) then they become separated rocky-like shape (see fig. 3d) for the lest
concentration of TiO, (10g/l).
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Fig. 2.Surface morphology of (a) Zn-Co alloy coatings and (b) Zn-Co-TiO, (5 g /I TiOy), (c) Zn-Co-TiO, (10
g/LTiO,), (d) Zn-Co-TiO, (20 g /l TiO,) Composite coatings.

3.3. EDX analysis of the Zn-Co-TiO,composite coating

For further analysis of alloy coatings nanoparticles EDAX analysisis used, Fig. 3 (a-c) for
Zn-Co-TiO;, (5, 10, and 20 g /I TiO,)confirms the presence of TiO2 in those alloys. This analysis
showed also a doublet signal peak for TiO,at 0.5 and approximately 5.5keV.

Chemical compositions of Zn-Co-TiO, composite coatings depend on the concentration of
TiO,, as shown in Fig 3. Also EDAX analysis shows that the Co content increases from 22% to
27% with increasing TiO, concentration in bath. The study of the impact of the TiO, nanoparticles
in nucleation and growth of the Zn-Co films is in progress[22,25].
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Fig. 3.EDAX of a) Zn-Co-TiO, (5 g/l TiO,), (b) Zn-Co-TiO, (10g/L TiO,), (c) Zn-Co-TiO, (20 g/l
TiO,) Composite coatings.

3.4. Micro hardness measurements

The microhardness results of Zn-Co alloy and Zn-Co-TiO, composite coatings
electroplated at different agitation speeds are summarized in Table 2. The results indicated that Zn-
Co- TiO, composite coatings showed higher microhardness compared to Zn-Co alloy coatings.
The variation of microhardness results can be attributed to the incorporation of TiO, nanoparticles.
The upper hardness of the coating is because of the deposit formation with fine-grainedstructure.
As explanation to this hardness is that during its measurements, the easy movement of
dislocationshas been obstructed by the dispersed particles in the fine-grained matrix which is
shown in the case of composite coated samples. The hardness of nanocomposite coating depends
directly on the TiO, content of nanocomposite coating[20,22,25].

Table 3.Values of micro-hardness Vickers hardness (HV) registered different electro deposition.

Coating hardness
Zn-Co 177.8
Zn-Co-TiO, (5g/l) 212
Zn-Co-TiO, (10 g /l) 250
Zn-Co-TiO, (20 g /l) 283

3.5. Potentiodynamic polarization studies

Tafel tests have been performed on Zn-Co alloy and Zn-Co-TiO, composite coatings in
3.5 % NaCl solution. Tafel polarization readings have been shown in Fig 4. The corresponding
electrochemical parameters extracted from Tafel plots are summarized in Table 3. Results
indicated that the corrosion potentials of Zn-Co-TiO2 composite coatings shift to the positive
direction and corrosion current density decreased significantly compared to Zn-Co alloy
coatings.TheZn-Co-TiOznanocomposite coatings have lower chemical activity than the Zn-Co
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alloy coating and hence possess better chemical stability in the external environment. The better
electrochemical performance of the Zn-Co-TiO,nanocomposite coatings may be attributed to the
reduction in the defect size of the nanocomposite coatings by the incorporation of
nanoparticulates, which is helpful to diminish the surface in contact with the corrosive
environmentalso help to prevent the corrosive pits from growing up, and the incorporation of
nano-particulates contributes to accelerate the passivation process of the metal matrix as well.
Subsequently, the corrosion resistance of the nanocomposite coatings wasimproved [20,22-25].

Table 4.Electrochemicalparameters of the coatings derived from Tafel plots.

Coating Ecorr icorr B. B, Rp

Zn-Co -430,4 2,9868 59,1 -36,1 4,25
Zn-Co- TiO, (5g/l) -401,7 1,3819 80,9 -87,3 8,61
Zn-Co- TiO, (10 g /) -389,6 0,9141 51,3 -48,4 | 11,64
Zn-Co- TiO, (20 g /) -349,1 0,6814 40,3 -79 15,86

3.6. Electrochemical impedance spectroscopy

EIS is a useful technique for ranking coatings [1, 9]. Fig. 5 shows the EIS Nyquist plots of
the three alloys in 3,5% NaCl solution, where Z' (») and Z"(w) are the real and imaginary parts of
the measured impedance, respectively, and o is the angular frequency. The significantly higher
impedance and larger diameter of the (incomplete) semicircle in the spectra of the ternary alloy
reflect its high corrosion resistance, which can be related to a change in the film (coating)
capacitance C;, and not only control by the charge transfer resistance Ry The capacitive
impedance at high frequencies is well related to the thickness and to the dielectric constant of the
coating. From the data obtained in Table 4, one can conclude that the values of Ry and Zw
increase, while the values of Cgy decrease with the increasing of TiO,nano-particles content, and
this behavior is in good agreement with that obtained for the Tafel plot measurements, The spectra
presented shows at least two time constants. The first time constant, recorded at higher frequency,
is displayed as a depressed incomplete semicircle. The electrical-equivalent-circuit (EEC)
parameters, describing the process included in this time constant are R, and Cq [13]. The second
time constant, depicted at lower frequencies, corresponds to a straight line Figs 6 .This linear
dependence between the imaginary and real part of the capacitance is related to the diffusion
process of the soluble species, while is called Warburg impedance (Z,) Therefore, EEC
parameters describing the process included in the second time constant clearly indicates the
diffusion control of the soluble species. From the electrode surface to the bulk of solution [20]. Zn-
Co-TiO, provides better protection against corrosion on the steel substrate [13]
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Fig. 4.Polarizing curves obtained for the alloy coatings in a 3.5 % NaCl solution
at different concentrations of TiO2 nanoparticules.
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Table 5.Simulation parameters obtained at the abandonment potential.

Coatings R, [Q.cm’] R [Q.cm’] Cq [F.cm?] Z, [Q.cm’]
Zn-Co 6.579 0.934 0.159 1.253
Zn-Co-TiO, (5g/l) 6.058 0.991 0.123 3.752
Zn-Co- TiO, (10 g /1) 7.017 1.275 0.027 4.128
Zn-Co- TiO;, (20 g /1) 8.417 2.322 0.019 5.546

e

15

E ] " 20¢/1TiO,
'\%‘ . 10g/1TiO,
30 2 * 5g/ITiO,
20 4 v 0g/ITiO,

o muo...o LX)

T T T T T T T
0 10 20 30 40 50 60 70 80
Zr [ohm sz]

Fig. 5.Impedance diagrams for Zn-Co alloy and Zn-Co-TiO, composite coatings samples
in 3% NacCl solution.

4. Conclusions

In this study, the effect of TiO, nanoparticles contents, in bath, on structural proporties,
microhardness and corrosion resistance of Zn-Co alloy coating have beeninvestigated. The
coatings have beendeposited on mild steel substrates by electrodeposition from a sulfate bath.
Results from this investigation can be drawnby the following points:

XRD and SEM results indicate that Zn-Co alloy coationgZn-Co-TiO,composite
coatingform a mixture of two phases, zinc and cubic CosZn,; phases, with smaller crystallite size,

The deposited coating with 20 g/l TiO, showed the maximum value of hardness 283HV,
because of the increase of TiO,nano-particulesconcentration in the plating bath.

Polarization resistances of Zn-Co composite coating increased with the increasing of
theTiO,nano-particules content.

The data obtained from electrochemical impedance spectroscopy (EIS) assumes that, the
charge transfer resistance (R) is higher and the capacity of the double layer (Cy) value is lower
for Zn-Co-TiO, composite coating containing 20 g /I TiO, alloy compared with those of Zn-Co
matrix. This behavior is in good agreement with that obtained from Tafel plot measurements.
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